Abstract. In the production of polymer nanocomposites, the processing method determines the dispersion of the nanofiller and hence, the final nanocomposite properties. In this work, the potential of high energy milling of the organofluoromica to improve the platelet dispersion and exfoliation in both solvent cast and melt processed thermoplastic polyurethane (TPU)/organofluoromica nanocomposites was investigated. The potential of high energy milling of the organofluoromica to improve the platelet dispersion and exfoliation in both solvent cast and melt processed thermoplastic polyurethane (TPU)/organofluoromica nanocomposites was investigated. The applied high energy milling process has successfully reduced this nanofiller platelet length from 640 nm to 400 nm and 250 nm after 1 hour and 2 hours respectively. These lower aspect ratio milled nanofillers resulted in improved quality of dispersion and delamination when incorporated into the TPU and hence interacted more preferentially with the TPU matrix.
Introduction
The polymer industry is continually conducting research to find new materials that offer increased performance at lower costs, necessitating the introduction of nanofillers. The incorporation of nanosize layered silicates into polymer matrices has been performed for over 50 years. During recent years, polymer nanocomposites containing layered silicates or organically modified layered silicates (organosilicates) have been more widely investigated, since the starting silicate materials have become more readily available in various sizes and shapes. Processing methods are known to have a significant influence on the delamination and dispersion of nanosilicate in the polymer matrix and hence the mechanical properties of the resultant nanocomposites. This is clearly observed through our previous findings [1, 2] . The melt compounding (MP) of thermoplastic polyurethane (TPU)-organofluoromica was observed to produce better silicate dispersion and improved TPU intercalation efficiency over the solvent casting (SC) method. However, even when a combination of melt compounding and silicate surface modification was employed, it was not possible to achieve fully exfoliated organofluoromica nanocomposites with the overall mechanical property profiles of interest. It was suspected that the as-received aspect ratio of this synthetic layered silicate was higher than what could be considered "optimal" for this TPU system. It was anticipated that by incorporating lower aspect ratio organofluoromica platelets with higher mobility and greater orientational freedom into the TPU that further enhancements to the mechanical properties would be possible. It was hypothesizes that a reduced aspect ratio would lead to increased dispersion quality and therefore interfacial surface area for more effective TPU-nanofiller interactions [2] [3] [4] . High energy milling is a technique that has been used to reduce the size and agglomeration of inorganic particles including layered silicates, in order to increase the surface area and improve the dispersion of the silicate in the polymer matrix [5] [6] [7] . In this work, studies on a series of high energy milled organofluoromica nanofillers having reduced platelet aspect ratio and tactoid size were conducted in order to try and obtain an overall better dispersion and more efficient TPU-organofluoromica nanocomposite reinforcement. Both milled and non-milled organofluoromica were used as nanofillers, so that the effects of the milling process and platelet size reduction on the morphology and properties of the TPU nanocomposites could be better optimized and understood. In addition, both melt processing and solvent casting techniques were used to produce the nanocomposites, to further investigate the effect of processing routes to the morphology and properties of TPU incorporating organofluoromica.
Experimental
A siloxane based TPU, commercially known as ElastEon E5-325 was used as matrix material, while a synthetic, high aspect ratio nanosilicate; fluoromica (Somasif ME100) was chosen as nanofiller. The fluoromica (Somasif ME100) was first surface modified with 75% dimethyldioctadecylammonium chloride (DODMAC) / 25% choline chloride (CC) using our established method [8] . The resulting 'organofluoromica' is denoted as MED-C. High energy milling was done using a Netzsch Laboratory Mill type LABSTAR LS1. The milling was done in an ethanol/water mixture at a 1:1 ratio, a temperature range of 30°C to 32°C, with a speed of ~1500 rpm and a pressure of 0.2 bar. The MED-C was milled for 1 hour and 2 hours to obtain two different particle size distributions. The milled MED-C suspensions were then separated by centrifugation using a Beckman Coulter Allegra X-15 benchtop centrifuge with a rotation speed of 4750 rpm for 3 min, and subsequently washed with MilliQ water (18.2 MΩ.cm). The washed clay was dried in an oven at 60 ºC overnight and ground by jet milling to reduce the particle size ready for nanocomposite processing. The original non-milled organofluoromica (MED-C), the one hour milled organofluoromica (MED-C (1HM) and the two hour milled organofluoromica (MED-C (2HM) were used as nanofillers to study the effect of silicate platelet size on the morphology of the TPU. E5-325 TPU nanocomposites containing MED-C, MED-C (1HM) and MED-C (2HM) were prepared with a 2 wt% nanofiller composition by using two different methods; 1) solvent casting (SC) and 2) melt processing (MP). In the subsequent discussion, these nanocomposites are referred to as 2MED-C, 2MED-C (1HM), and 2MED-C (2HM). A number denotes the 2 wt% organosilicate loading in the TPU. The first two letters represent the nanosilicate used (ME=Somasif ME100) and the last two letters (D-C) represent the dual DODMAC/CC surface modification. The characters in the brackets; (1HM) and (2HM) denote the nanofiller size reduction process of 1 hour high energy milling and 2 hour high energy milling, respectively. The morphology of the host TPU and nanocomposites were characterized by XRD, TEM, DMTA and SAXS (the methods were described earlier in [1, 2] ).
Results and Discussion
Organofluoromica and nanocomposites structure. The average platelet lengths of the MED-C, MED-C (1HM) and MED-C (2HM) were measured to be ~640 nm, ~400 nm and ~250 nm respectively. XRD patterns of the unmodified ME nanosilicate and MED-C organosilicates (milled and non-milled) are shown in Fig. 1 , while XRD patterns for their respective solvent cast and melt processed nanocomposites containing 2 wt% organofluoromica are shown in Fig. 2a and 2b , respectively. As illustrated in Fig. 1 , the modification of ME was observed to substantially increase the (d 001 ) basal spacing from 1.3 nm to 3.2 nm. MED-C exhibit three well-defined diffraction peaks; (d 001 ) at 2θ = 2.8°, (d 002 ) at 4.4° and (d 003 ) at 2θ = 1.4°, which correspond to basal spacings of approximately, 3.2 nm, 2.1 nm and 1.4 nm respectively. However, as the milling time was increased, the peaks became broader and more diffuse, which is attributed to the structural change of the organosilicate, due to a reduction in platelet size and altered surfactant conformations [4, 5] . Moreover, the milling process also resulted in a slight increase of (d 001 ) basal spacing from 3.3 nm to 3.6 nm.
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Nanoscience, Nanotechnology and Nanoengineering Fig. 3 displays the TEM images of the E5-325 TPU SC containing 2 wt% non-milled and milled MED-C, while Fig. 4 illustrates TEM images of the E5-325 TPU MP containing 2 wt% non-milled and milled MED-C. It is well understood that, at the same nanofiller concentration, the platelet count is an indicator of the extent of exfoliation and dispersion of the silicate platelets in the polymer matrix [9] . Nanocomposites with a lower platelet count generally show more lengthy aggregated platelets or tactoids, while materials that show a higher number of smaller platelets indicate a better dispersive system as a result of the breakup of large tactoids [4, 9] . It is clearly seen that an increase in milling time resulted in smaller platelets dispersed throughout the E5-325 TPU matrix. The melt processed TPU containing milled and non-milled MED-C displays a higher number of smaller platelets as compared to the solvent cast counterparts.This supports the fact that the melt processing technique has successfully produced a better dispersed nanocomposite, regardless of the milling time. The twin screw extruder is known to greatly enhance organosilicate tactoid break up by providing high melt viscosities and shear forces [4] . The best overall exfoliation and dispersion was observed in 2MED-C (2HM) MP. Therefore the increase in nanofiller dispersion with milling time (reduced aspect ratio) showed a similar trend in both solvent cast and melt compounded nanocomposites.
Fig. 4, TEM micrographs of the melt processed nanocomposites; 2MED-C (A&B), 2MED-C (1HM) (C&D), and 2MED-C (2HM) (E&F)

Dynamic thermal mechanical analysis (DMTA).
The damping factor (tan δ) of the melt processed and solvent cast TPU (host and nanocomposites) are presented as a function of temperature in Fig. 5a and 5b respectively. The α 1 peak relates to segmental motion in the polydimethylsiloxane phase, while α 2 peak is associated with the soft microphase transition temperature [1, 2] . Peaks and the peak positions are given in Table 1 . Addition of milled and nonmilled 2MED-C resulted in an increase of Tα 2 and a reduction in damping capacity in the solvent cast materials. This might be attributed to the restricting molecular motion imposed by these layered silicates. However, an even higher Tα 2 was observable in the E5-325 with 2MED-C (2HM). The 
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Nanoscience, Nanotechnology and Nanoengineering Tα 2 has shifted from -4.2 °C to 14.0 °C, while lowering and broadening of the α 2 peak was observed. This suggests that the 2MED-C (2HM) nanofiller was the most effective filler for restricting TPU molecular motion, by inducing greater hydrogen bonding between the TPU and the organosilicate. The TEM images (Fig. 3 ) also provide support on the better dispersed and delaminated MED-C (2HM) in the TPU, thus resulting in enhanced interaction forces between the TPU and the organosilicates. The Tα 2 of the E5-325 MP decreased slightly with the addition of the 2 wt% non-milled MED-C. However, it has been shifted to much higher temperature with the MED-C (2HM) inclusion, where the Tα 2 was seen to increase from -2.0 °C to 13.4 °C. This indicates that, the Tα 2 of the melt processed TPU nanocomposites as a function of milling time increased in similar trends with respect to the solvent cast nanocomposites. Table 1 : Transition temperature determined from DMTA 
Small angle X-ray scattering (SAXS).
The SAXS profiles presented in Fig. 6 of the melt processed and solvent cast host TPU and nanocomposites reveal prominent peaks in the region of q=0.06 to 0.08Å -1 , which correspond to the segmental microphase periodicity in the TPU structure [1, 2] . The intensity of the SAXS peak is related to the degree of microphase separation, and it is apparent that the host E5-325 MP are slightly more phase separated than the host E5-325 SC. However, the intensities reduced when 2MED-C (2HM) was added, and this was more pronounced in the solvent cast material. The weaker and broader peak in the 2MED-C (2HM) SC indicates that this particular organosilicate offered a greater compatibilization between the TPU hard and soft segments when prepared by solvent casting and hence effectively enhance the phase mixing. This is reflected in its higher Tα 2 as opposed to the melt processed counterpart. It is probable that the hard and soft segments are more compatible in solution, thus resulting in a lower degree of phase separation after solvent evaporation [10] . In contrast, melt processing technique resulted in more ordered and organized longer hard segment populations and interfacial region, thus causing an increase in phase separation [10] 
Summary
Based on the TEM and XRD analysis, the non-milled MED-C nanofiller gave rise to more lengthy, aggregated arrays, when dispersed either by solvent casting or melt processing. In contrast, the milled MED-C resulted in nanocomposites with improved dispersive and distributive mixing. This suggests that the milling process assists in reducing the tactoid size of the milled silicate platelets, further easing their delamination and dispersion in the TPU. DMTA analysis suggests that incorporation of this lower aspect ratio organofluoromica nanofiller resulted in a significant increase in TPU soft microphase transition temperature. In combination with SAXS results, these morphological studies support the notion of more enhanced interaction forces between the TPU and the MED-C (2HM) as a result of better dispersed and delaminated nanofiller. 
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